Background: UHRF1 is required for the maintenance of DNA methylation. Results: UHRF1 interacts with topoisomerase II and regulates its localization to pericentric heterochromatin. Conclusion: Topoisomerase II regulates the maintenance of DNA methylation. Significance: Our study reveals a novel molecular mechanism of the maintenance of DNA methylation.
DNA methylation is an important epigenetic modification that plays a crucial role in multiple cellular processes, including transcriptional regulation, genomic imprinting, and X chromosome inactivation. Following replication, the nascent DNA strand strictly inherits the methylation pattern from the parental DNA to maintain DNA methylation the nascent DNA. In this cellular process, DNMT1 directly methylates the cytosine of the hemimethylated CpG dinucleotide pairs in the doublestranded DNA. Loss of DNMT1 in mice induces significant reduction of DNA methylation and leads to embryonic lethality (1) . However, it is not fully clear how DNMT1 specifically recognizes and methylates hemimethylated DNA following replication. Besides DNMT1, recent studies have shown that UHRF1 is also required for the maintenance of DNA methylation following DNA replication. Similar to DNMT1 deficiency, depleting UHRF1 in mice induces global loss of DNA methyla-tion and causes embryonic lethality (2, 3) . Interestingly, DNMT1 fails to localize to heavily methylated pericentric heterochromatin (PCH) 3 in Uhrf1 knock-out embryonic stem (ES) cells (2) , suggesting that UHRF1 governs the localization and methyltransferase activity of DNMT1 in vivo.
How UHRF1 is recruited to chromatin it is relatively clear. UHRF1 recognizes H3K9me3 through its Tudor domain and plant homeodomain (PHD) (4 -11) and binds hemimethylated DNA using its SET-and RING-associated (SRA) domain (12) (13) (14) . In contrast, it is not clear how UHRF1 promotes the function of DNMT1. It has been proposed that UHRF1 physically interacts with DNMT1 and directly recruits DNMT1 to PCH (2) . Recent studies suggests that UHRF1-dependent H3K23 ubiquitination indirectly recruits DNMT1 to PCH (15) . However, structural and biochemical analyses have demonstrated that DNMT1 can recognize hemimethylated DNA through its own methyltransferase domain and is sufficient to catalyze DNA methylation independent of UHRF1 in vitro (16, 17) , indicating that UHRF1 is not essential for directly facilitating the recognition of hemimethylated DNA by DNMT1. Recent studies have also shown that UHRF1 simulates DNMT1 methyltransferase activity in vitro (18, 19) , but these observations could not fully explain the loss of DNMT1 localization at PCH in Uhrf1 knock-out ES cells.
The above studies suggest that UHRF1 might regulate the maintenance of DNA methylation through additional mechanisms. In this study, we report that UHRF1 interacts with topoisomerase II␣ (TopoII␣) and regulates its chromatin localization. Inhibiting topoisomerase activities partially affects DNA methylation in vivo, suggesting that UHRF1 might regulates the maintenance of DNA methylation through TopoII␣.
EXPERIMENTAL PROCEDURES
Antibodies-The following polyclonal antibodies were raised in rabbit: human UHRF1 (amino acids (aa) 14 -159), mouse UHRF1 (aa 1-141), human TopoII␣ (aa 1173-1531), and * This work was supported, in whole or in part, by National Institutes of Health Grants CA132755 and CA130899 (to X. Y.). This work was also supported by National Natural Science Foundation of China Project 81471494 (to L.-Y. L.). 1 To whom correspondence may be addressed. mouse TopoII␣ (aa 1170 -1528). Anti-UHRF1 monoclonal antibody was from Santa Cruz Biotechnology. Anti-DNMT1 antibody was from Abcam. Antibodies against 5-methylcytosine, H3K9m2, and H3K9me3 were from Millipore. Anti-actin and anti-FLAG antibodies were from Sigma. Anti-HA antibody was from Covance. Tandem Affinity Purification of UHRF1-interacting Proteins-Uhrf1 knock-out ES cells stably expressing S-protein/FLAG/ streptavidin-binding protein (SFB)-tagged UHRF1 were generated. Cells were harvested from 50 10-cm 2 plates and lysed with NTN300 buffer (50 mM Tris-HCl (pH 8.0), 300 mM NaCl, and 0.5% Nonidet P-40). The lysate was combined with the same volume of double-distilled H 2 O and streptavidin beads. After shaking the mixture at 4°C for 2 h, the streptavidin beads were washed three times with NTN100 buffer (50 mM Tris-HCl (pH 8.0), 100 mM NaCl, and 0.5% Nonidet P-40). The bound proteins were eluted twice with saturating biotin solutions in NTN100 buffer. The eluents were combined and incubated with S-protein beads. After shaking the mixture at 4°C for 2 h, the S-protein beads were washed three times and boiled with SDS sample loading buffer. The samples were briefly electrophoresed using 7.5% polyacrylamide gel, and the entire lane were excised and analyzed by mass spectrometry, which was performed by the Taplin Mass Spectrometry Facility at Harvard University.
Immunoprecipitation, Pulldown Assay, Western Blotting, and Dot Blotting-Cells were collected and lysed with NTN300 buffer. The lysate was combined with the same volume of double-distilled H 2 O. For immunoprecipitation, 1 g of antibody and 40 l of protein A beads were added. For pulldown assay, 1 g of GST-tagged proteins on glutathione beads was added. After shaking the mixture at 4°C for 2 h, the beads were precipitated and washed three times with NTN100 buffer. The beads were then boiled with SDS sample loading buffer. PAGE and Western blotting was performed according to standard procedures. For dot blotting, 200 ng of genomic DNA was serially diluted in 0.5 M NaOH and dotted on Zeta-Probe GT membranes (Bio-Rad). The membranes were air-dried for 1 h at room temperature, and dot blotting was performed according to standard procedures.
Recombinant Protein Expression-The GST-tagged UHRF1 Tudor domain (aa 109 -308), PHD (aa 301-408), and Tudor ϩ PHD domains (aa 109 -408) were expressed in Escherichia coli BL21(DE3) cells and purified using glutathione-Sepharose 4B (Thermo Fisher Scientific). The beads were washed three times with NTN100 buffer and used for pulldown experiments.
Immunofluorescence Staining and Click Reaction-Immunofluorescence staining was performed according to standard procedures, expect that the fixed cells were incubated with 2 M HCl for 1 h at 37°C and neutralized with 1 M Tris-HCl (pH 8.0) before staining with anti-5-methylcytosine antibody. To detect 5-ethynyl-2Ј-deoxyuridine (EdU) by immunofluorescence and the Click reaction, cells were first fixed with 3% paraformaldehyde; permeabilized with 0.5% Triton X-100; and then incubated with 1ϫ PBS solutions containing 10 mM sodium ascorbate, 2 mM copper sulfate, and 0.1 mM 6-carboxyfluorescein-triethylene glycol azide. The cells were washed 30 min later and stained with DAPI.
Southern Blotting-Genomic DNA was digested with HpaII, electrophoresed on 1% agarose gel, and transferred to Zeta-Probe GT membranes in 0.4 M NaOH. The membranes were neutralized with 2ϫ SSC and hybridized with an oligonucleotide probe for minor satellite DNA in Rapid-hyb buffer (GE Healthcare) at 45°C for 2 h. The membranes were washed twice with 2ϫ SSC and 0.1% SDS and exposed overnight to a phosphor screen, which was then scanned using Typhoon 9400 (GE Healthcare). The sequence of the probe is 5Ј-ACTGA-AAAACACATTCGTTGGAAACGGGATTTGTAGAACAG-TGTATATCAATGAGTTACAATGA-3Ј.
Purification of Nascent DNA and Methylation Analysis-HeLa cells were synchronized at the G 1 /S boundary using a double thymidine block. Upon removal of thymidine, fresh medium with or without 2 M ICRF-193 or 5 M ICRF-187 was added. One hour later, EdU was added to the medium to a final concentration of 10 M, and the cells were allowed to grow for another 2 h before they were collected by trypsinization. Genomic DNA was extracted using a ChargeSwitch genomic DNA mini tissue kit (Invitrogen) and biotinylated using the Click reaction by mixing the DNA into 1ϫ PBS solutions containing 10 mM sodium ascorbate, 2 mM copper sulfate, and 0.1 mM biotin-triethylene glycol azide. The DNA was purified again 30 min later and fragmented into 300 -800 bp by sonication. To obtain single-stranded DNA, the DNA was heated to 95°C and quickly chilled on ice for 10 min. Biotinylated singlestranded DNA was purified by overnight incubation with streptavidin beads at 4°C. The beads were thoroughly washed with NTN500 buffer (50 mM Tris-HCl (pH 8.0), 500 mM NaCl, and 0.5% Nonidet P-40) and washed twice briefly with 150 mM NaOH to remove any non-biotinylated parental strand. The beads was finally washed three times with 1ϫ PBS and directly used for genomic PCR or bisulfite conversion with an EZ DNA Methylation-Gold kit (Zymo Research). Genomic regions for methylation analysis were amplified from bisulfite-converted DNA. For combined bisulfite restriction analysis (COBRA), the PCR fragments were digested with BstUI and electrophoresed on 10% TBE-native PAGE. For sequencing, the PCR fragments were ligated to pGEM-T (Promega) and transformed into E. coli. Fifteen individual colonies containing the insertions were sequenced.
RESULTS

UHRF1
Interacts with TopoII␣-To study the role of UHRF1 in the maintenance of DNA methylation, we generated Uhrf1 knock-out mice using gene-trap ES cell line RRZ054 ( Fig. 1a ). Consistent with previous reports (2, 3), Uhrf1 knock-out mice were embryonic lethal, and DNA methylation was significantly reduced in the Uhrf1 knock-out ES cells ( Fig. 1, b-d ), suggesting that UHRF1 is important for DNA methylation during early embryonic development. To examine the function and mechanism of UHRF1 in early embryonic development, we reconstituted Uhrf1 knock-out ES cells with SFB-tagged UHRF1 and performed tandem affinity purifications to search for the functional partner(s) of UHRF1 from the ES cell lysates. Surprisingly, we did not find any previously reported UHRF1 partners, such as DNMT1, DNMT3A/B, G9a, and USP7. Instead, TopoII␣ was one of the most abundant proteins other than UHRF1 in our purification and mass spectrometry analysis ( Fig.  2a ). TopoII␣ is an enzyme that resolves intertwined genomic DNA by transiently cutting and ligating double-stranded DNA (20, 21) . To confirm the purification results, we performed reciprocal co-immunoprecipitations and observed a clear interaction between these two endogenous proteins (Fig. 2b) . Moreover, we found that TopoII␣ was significantly enriched at PCH and co-lo-calized with UHRF1 and 5-methylcytosine ( Fig. 2c ), suggesting that TopoII␣ is functionally linked with UHRF1 in the maintenance of DNA methylation. Besides TopoII␣, we also identified TopoII␤ in our purification ( Fig. 2a ). TopoII␤ is a homolog of TopoII␣ that also resolves the intertwined DNA using the same mechanisms. Similar to TopoII␣, TopoII␤ also interacted with UHRF1 ( Fig. 2d ). TopoI is another important topoisomerase that disentangles DNA using a different mechanism by generating a single cut on the DNA. However, we could not detect an interaction between UHRF1 and TopoI (Fig. 2d ). These results suggest that UHRF1 specifically interacts with TopoII.
UHRF1 Interacts with TopoII␣ through its Tudor and PHD Domains-UHRF1 contains multiple domains, including the ubiquitin-like, tandem Tudor, PHD, SRA, and RING domains.
To study which domain of UHRF1 is important for its interac- tion with TopoII␣, we generated several internal deletion mutants of UHRF1 to abolish each domain (Fig. 3a) . Deletion of the ubiquitin-like, SRA, or RING domain did not affect the interaction with TopoII␣. However, deletion of either the tandem Tudor domains or the PHD drastically abolished the interaction ( Fig. 3b ), suggesting that the Tudor and PHD domains might cooperate to bind TopoII␣. To verify the interaction, we mutated key residues in both domains. Based on the domain structure analysis, Phe-165 in the aromatic cage of the first Tudor domain and Asp-347 and Glu-348 in the negatively charged surface groove of the PHD are important for their interactions with other proteins (4, 5) . We mutated these residues, and co-immunoprecipitation experiments showed that the F165A mutant significantly impaired the interaction with TopoII␣ and that the D347A/E348A double mutant largely abolished the binding to TopoII␣ (Fig. 3c ). To confirm these findings, we made recombinant proteins of the Tudor and PHD domains of UHRF1 and tested their ability to pull down TopoII␣. Although the Tudor domain alone weakly pulled down TopoII␣, the PHD strongly pulled down TopoII␣ (Fig.  3d ). When combining both the Tudor and PHD domains, the recombinant protein pulled down TopoII␣ more robustly. Taken together, these results demonstrate that the Tudor and PHD domains of UHRF1 cooperatively bind TopoII␣.
TopoII␣ Interacts with UHRF1 through Two Regions-Next, we examined which region of TopoII␣ interacts with UHRF1. TopoII␣ is a large protein containing several enzymatic modules at the N terminus and a long stretch of unfolded region at the C terminus. We generated internal deletions of each of these enzymatic modules and the C-terminal unfolded region (Fig. 4a ). Deletion of any of the first three enzymatic modules did not affect the binding to UHRF1. However, deletion of either the region containing the catalytic core or the C-terminal unfolded region abolished the interaction with UHRF1 (Fig.  4b) . This result was further confirmed by pulldown experiments using recombinant proteins containing the Tudor and FIGURE 5. UHRF1 regulates the localization of TopoII␣ at PCH. a, SFB-tagged WT and point mutants of UHRF1 were electroporated into MEF cells, and their localizations were visualized by staining with anti-FLAG antibody. b, SFB-tagged WT and deletion mutants of TopoII␣ were electroporated into MEF cells, and their localizations were visualized by staining with anti-FLAG antibody. c, the localizations of endogenous TopoII␣ in the different ES cells indicated were visualized by staining with anti-TopoII␣ antibody. Twenty-five cells were quantified for each experiment in a and b, and 100 cells were quantified for each experiment in c. Error bars represent the mean Ϯ S.D. KO, knock-out.
PHD domains of UHRF1 (Fig. 4c ). Because UHRF1 recognizes TopoII␣ through both the Tudor and PHD domains, it is possible that two separate regions in TopoII␣ are recognized by the Tudor and PHD domains of UHRF1, respectively. The detailed binding mechanism of the UHRF1-TopoII␣ complex could be revealed by future structural analysis.
UHRF1 Regulates TopoII␣ Localization at PCH-Because UHRF1 and TopoII␣ co-localized at PCH, we examined if their interacting domains are required for their localization at PCH. Although UHRF1 mutants carrying the F165A or D347A/ E348A mutation failed to interact with TopoII␣, these mutations did not significantly affect the localization of UHRF1 to PCH ( Fig. 5a ), suggesting that the interaction with TopoII␣ is not essential for the recruitment of UHRF1 to PCH. In contrast, deletion of either the catalytic core (D4 mutant) or the C-terminal unfolded tail (D5 mutant) impaired the localization of TopoII␣ at PCH (Fig. 5b ), suggesting that the interaction with UHRF1 significantly contributes to TopoII␣ localization at PCH. To confirm this observation, we tested whether depletion of UHRF1 has any effect on TopoII␣ localization at PCH. In wild-type ES cells, the PCH foci of TopoII␣ could be observed in ϳ80% of the cells. In Uhrf1 knock-out ES cells, the percentage of TopoII␣-positive cells was reduced to ϳ40% (Fig. 5c ). To examine whether this phenomenon is specifically due to the absence of UHRF1, we reconstituted Uhrf1 knock-out ES cells with wild-type UHRF1 and the D347A/E348A mutant, which failed to interact with TopoII␣. Although both wild-type UHRF1 and the D347A/E348A mutant localized at PCH, only cells reconstituted with wild-type UHRF1 largely stored the PCH foci of TopoII␣ (Fig. 5c ). Collectively, these results suggest that UHRF1 is important for the localization of TopoII␣ at PCH. Previous studies have shown that the Tudor and PHD domains of UHRF1 cooperatively bind H3K9me2 and H3K9me3 (22, 23) . We first verified previous observations (22, 23) that H3K9me3, but not H3K9me2, is enriched at PCH (Fig. 6a ). To determine whether H3K9me3 binding is critical for UHRF1 regulation of TopoII␣ localization at PCH, we examined the localizations of these proteins in Suv39h1/Suv39h2 doublenegative mouse embryonic fibroblasts (MEFs). Although H3K9me3 was completely lost from PCH in Suv39h1/Suv39h2 double-negative MEFs (Fig. 6a ), UHRF1 could be readily observed at PCH (Fig. 6b ), which is likely through binding of hemimethylated DNA. Loss of H3K9me3 did not affect the localization of TopoII␣ or DNMT1 or DNA methylation at PCH (Fig. 6, b-d ), suggesting that UHRF1 regulation of TopoII␣ localization is not through H3K9me3.
TopoII␣ Decatenation Activity Is Important for DNA Methylation-UHRF1 is critical for the maintenance of DNA methylation. Because UHRF1 interacts with TopoII␣ and regulates its localization at PCH, where DNA is heavily methylated, we wondered if TopoII␣ is also important for the maintenance of DNA methylation in vivo. We first analyzed the methylation status of Uhrf1 knock-out ES cells reconstituted with wild-type UHRF1 and its mutants F165A and D347A/E348A, which failed to interact with TopoII␣. Interestingly, neither UHRF1 mutant could rescue the DNA methylation in the way that wild-type UHRF1 did (Fig.  7a) . Therefore, the interaction between UHRF1 and TopoII␣ is important for the maintenance of DNA methylation.
We further tested whether TopoII␣ decatenation activity is important for the maintenance of DNA methylation. TopoII␣null mice die before the 8-cell stage of embryogenesis (24) , and no TopoII␣-null cells could be obtained and used for this study. Because TopoII␣ is an enzyme known to resolve the precatenanes generated by the progression of replication forks (20, 21), we chose to suppress TopoII␣ activity using TopoII inhibitors. Many TopoII inhibitors, such as etoposide and doxorubicin, suppress the DNA-rejoining step after strand passage during TopoII-mediated decatenation. However, prolonged treatment of these inhibitors will lead to massive double-stranded DNA breaks (25) . Because the broken DNA is no longer catenated and might be methylated before or during the DNA repair process, these TopoII inhibitors are not ideal for studying the direct effect of TopoII␣ inhibition on the maintenance of DNA methylation. Therefore, we used ICRF-193, a potent TopoII inhibitor that blocks the ATPase activity required for the release of TopoII after the DNA-rejoining step and prevents the turnover of TopoII without generating DNA breaks (25) .
Because TopoII␣ functions at multiple stages during the cell cycle and is particularly important for chromatin condensation and chromatid separation in G 2 phase, inhibiting TopoII␣ in vivo will lead to G 2 arrest (20, 21) . Thus, it is impossible to observe the long-term effect of ICRF-193 treatment. To observe the short-term effect of ICRF-193 on the maintenance of DNA methylation following partial DNA replication, cells were treated with ICRF-193 to suppress TopoII␣ from the start of the synchronized DNA replication and harvested before G 2 arrest. EdU was also added to the cell culture medium to label the nascent DNA. Although the G 2 arrest caused by ICRF-193 treatment will lead to suppression of replication at highly methylated late replication regions (26) , EdU could still be incorporated into the DNA when cells were harvested (Fig. 7b) , suggesting that at least some early DNA replication was completed.
Dot blot analysis of genomic DNA revealed a mild decrease in global DNA methylation after ICRF-193 treatment (Fig. 7c ). FIGURE 7 . TopoII␣ regulates the maintenance of methylation. a, genomic DNAs from wild-type ES cells, Uhrf1 knock-out (KO) ES cells, and Uhrf1 knock-out ES cells reconstituted with SFB-tagged UHRF1 as indicated were digested with HpaII and separated by agarose gel electrophoresis. Southern blotting was performed, and the membrane was blotted using a minor satellite probe. b, the Click reaction was used to detect EdU in HeLa cells treated as indicated. c, Dot blotting was performed using genomic DNA extracted from HeLa cells treated as indicated. The antibody against 5-methylated cytosine was used. d, nascent DNA was purified from HeLa cells treated as indicated. PCR was used to amplify three genomic locations as shown. e and f, bisulfite conversion was performed using the purified nascent DNA from HeLa cells treated with ICRF-193 or ICRF-187 as indicated, and PCR was used to amplify genomic loci for COBRA (e) and bisulfite sequencing analysis (f). In e, bands corresponding to methylated (M) and unmethylated (U) DNA are labeled. The asterisk indicates nonspecific PCR bands. In f, methylated and unmethylated cytosines are represented by black and white circles, respectively.
To accurately quantify the percentage decrease in DNA methylation, EdU-labeled nascent DNA was subsequently separated from the parental DNA ( Fig. 7d ) and subjected to DNA methylation analyses. Because the replication of highly methylated repetitive regions was suppressed due to ICRF-193 induced G 2 arrest, we could not analyze the methylation status of these highly methylated repetitive regions. Instead, with early replicated nascent DNA, COBRA and bisulfite sequencing were used to analyze the methylation status of several genomic loci, including CCNA1, FHIT, CHFR, NANOG, and OCT4, which are known to be methylated in HeLa cells. Purified nascent DNA was amplified following bisulfite conversion, and COBRA showed that DNA methylation at the promoter regions of CHFR and NANOG was reduced by 15-20% (Fig. 7e ). Bisulfite sequencing confirmed this result and revealed a similar reduction in DNA methylation at the promoter regions of CCNA1, FHIT, and distal enhancers of OCT4 (Fig. 7f ). Similar results were obtained using another TopoII inhibitor, ICRF-187 ( Fig.  7f ). Because ICRF-193 and ICRF-187 block only the turnover of TopoII␣, it is likely that endogenous TopoII␣ could still perform one round of decatenation before it is trapped and allow DNMT1-mediated DNA methylation at certain regions. This might be the reason that only a modest reduction in DNA methylation was observed in cells treated with ICRF-193 or ICRF-187. Nonetheless, these results suggest that TopoII␣ decatenation activity is indeed important for proper maintenance of DNA methylation in vivo.
DISCUSSION
UHRF1 is required for the maintenance of DNA methylation globally. In mice, PCH could be clearly visualized as DAPIdense regions, which are enriched for many repressive epige- netic modifications, including DNA methylation (27) . In Uhrf1 knock-out ES cells, DNMT1 localization at PCH was abolished, which clearly demonstrates that UHRF1 regulates DNA methylation through targeting DNMT1 to hemimethylated DNA. Several models have been proposed to explain how UHRF1 regulates DNMT1 localization. Based on the interaction between UHRF1 and DNMT1, it is believed that UHRF1 physically brings DNMT1 to hemimethylated DNA and passes the hemimethylated DNA by its SRA domain to DNMT1 (2, 3). However, this step seems unnecessary given the intrinsic hemimethylated DNA-binding ability of DNMT1 (16, 17) . On the other hand, recent biochemical studies propose that the interaction stimulates DNMT1 activity through interacting and removing the block of the DNMT1 replication focus targeting sequence domain on its catalytic site (18, 19) , but this interesting model could not fully account for the loss of DNMT1 from PCH in Uhrf1 knock-out cells. It is noteworthy that only a weak interaction between UHRF1 and DNMT1 could be detected in vivo (28) . We did not identify DNMT1 as a major partner of UHRF1 in our unbiased purification. Therefore, it remains in question whether UHRF1 and DNMT1 work as a complex in vivo. An interaction-independent model has also been proposed. It has been shown that UHRF1 is important for ubiquitination of H3K23, which recruits DNMT1 through its replication focus targeting sequence domain (15) . H3K23 ubiquitination is new modification that is not well characterized. Because methylated cytosine accounts for ϳ5% of all cytosines, it remains to be determined whether the UHRF1-dependent H3K23 ubiquitination is abundant enough to cover all the methylated cytosines.
In this study, we reported a new mechanism by which UHRF1 regulates the maintenance of DNA methylation. We identified TopoII␣ as a novel functional partner of UHRF1. UHRF1 regulates the PCH localization of TopoII␣, whose activity is important for the maintenance of DNA methylation. Precatenanes are formed after DNA replication fork progression, and TopoII␣ is known to resolve DNA catenation (20, 21) . Our results suggest that decatenation of hemimethylated DNA after DNA replication is required for efficient localization of DNMT1. DNMT1 is a processive enzyme (29) . It is possible that hemimethylated catenated DNA is an unfavorable substrate of DNMT1 due to its impact on the processivity of DNMT1. Most studies of DNMT1 activities in vitro use short flexible hemimethylated DNA fragments as substrates, which cannot fully reflect the DNA topology in vivo. Further studies of DNMT1 activity are needed to determine whether this enzyme is sensitive to DNA topology.
The observation that UHRF1 regulates the PCH localization of TopoII␣ is surprising because TopoII␣ itself can resolve decatenated DNA in vitro without UHRF1. Coincident with our results, it has been shown that DNA methylation decreases the decatenation activity of TopoII␣ (30) , suggesting that TopoII␣ might have difficulty in accessing heavily methylated regions, such as PCH. Because the SRA domain of UHRF1 recognizes hemimethylated DNA, its interaction with TopoII␣ might facilitate the loading of TopoII␣ to PCH and promotes its decatenation activity at PCH. It is noteworthy that UHRF1 is not absolutely required for TopoII␣ localization at PCH, prob-ably because other mechanisms also contribute to chromatin retention of TopoII␣ (31) .
UHRF1 interacts with TopoII␣ through the Tudor and PHD regions, which have been shown to cooperatively bind H3K9me3 as well (4 -11) . This raises the concern that the functional interaction between UHRF1 and TopoII␣ is mediated by H3K9me3. However, our data using Suv39h1/Suv39h2 doublenegative MEFs show that depletion of H3K9me3 at PCH does not affect UHRF1 or TopoII␣ localization there. Indeed, mutation of H3K9me3 and TopoII␣ binding ability does not affect the localization of UHRF1 to PCH. This is likely because UHRF1 has an SRA domain that can recognize hemimethylated DNA in the absence of H3K9me3 and maintains DNA methylation at PCH. In agreement with these observations, it has been demonstrated that Suv39h1/Suv39h2 double-negative cells have only minor decreases in methylation of pericentric major satellite repeats, but have no impact on pericentric minor satellite repeats (32) (33) (34) . Indeed, no significant change was observed for DNMT1 or 5-methylcytosine staining at PCH in Suv39h1/Suv39h2 double-negative MEFs. Therefore, UHRF1 regulates DNA methylation through TopoII␣, but not through H3K9me3. In addition, because histones are evicted from the DNA during the replication and are likely to be deposited after the completion of the nascent strand methylation (35) , they are unlikely to regulate key events during the maintenance of DNA methylation.
We propose a model in which UHRF1 facilitates TopoII␣ to decatenate hemimethylated precatenanes following replication, which is likely to change the chromatin topology and promote DNMT1-dependent DNA methylation on the nascent DNA ( Fig. 8 ). These findings not only provide a novel molecular mechanism for the maintenance of DNA methylation, but also uncover drug targets for diseases induced by abnormal DNMT1-dependent DNA methylation.
